Abstract The P2X 7 receptor exhibits significant allelic polymorphism in humans, with both loss and gain of function variants potentially impacting on a variety of infectious and inflammatory disorders. At least five loss-offunction polymorphisms (G150R, R307Q, T357S, E496A, and I568N) and two gain-of-function polymorphisms (H155Y and Q460R) have been identified and characterized to date. In this study, we used RT-PCR cloning to isolate and characterize P2X 7 cDNA clones from human PBMCs and THP-1 cells. A previously unreported variant with substitutions of V80M and A166G was identified. When expressed in HEK293 cells, this variant exhibited heightened sensitivity to the P2X 7 agonist (BzATP) relative to the most frequent allele, as shown by pore formation measured by fluorescent dye uptake into cells. Mutational analyses showed that A166G alteration was critical for the gain-offunction change, while V80M was not. Full-length variants with multiple previously identified nonsynonymous SNPs (H155Y, H270R, A348T, and E496A) were also identified. Distinct functional phenotypes of the P2X 7 variants or mutants constructed with multiple polymorphisms were observed. Gain-of-function variations (A166G or H155Y) could not rescue the loss-of-function E496A polymorphism. Synergistic effects of the gain-of-function variations were also observed. We also identified the A348T alteration as a weak gain-of-function variant. Thus, these results identify the new gain-of-function variant A166G and demonstrate that multiple-gene polymorphisms contribute to functional phenotypes of the human P2X 7 receptor.
Introduction
The purinergic P2X 7 receptor, previously known as P2Z, is the seventh member of the P2X receptor family of ligandgated ion channels activated by extracellular adenosine triphosphate (ATP) [1] . All of the P2X receptors contain two membrane-spanning domains, intracellular amino and carboxy termini, and an extracellular domain of approximately 280 amino acids containing the ligand-binding site and ten conserved cysteine residues that likely form intrachain disulfide bonds to give secondary structure to the receptor [2] [3] [4] [5] . P2X 7 receptors differ from other P2X receptor subtypes (P2X [1] [2] [3] [4] [5] [6] ) by an extended cytoplasmic carboxy-terminal tail (240 aa) which may be responsible for the unique ability of P2X 7 to form large pores in the membrane after prolonged agonist stimulation [1] . The P2X 7 receptor exhibits several unusual properties. Following brief activation by agonist, P2X 7 
forms a channel with
The human P2X 7 gene localizes to a 55-kb region of chromosome 12q34 which has 13 exons and encodes a 595-amino-acid protein [53] . The gene is highly polymorphic and more than 686 single-nucleotide polymorphisms (SNPs) have been found recently (search SNP for P2RX 7 [gene name], limits 12, Homo sapiens, from NCBI SNP database, http://www.ncbi.nlm. nih.gov/sites/entrez, access date October 30, 2008) . However, the majority of these have not been validated at the population genetic level and their functional effects are unclear. Five loss-of-function nonsynonymous allelic SNPs in P2X 7 have been described to date, of which three are located in the carboxy-terminal cytoplasmic tail (T357S, E496A, and I568N) and two are in the extracellular loop [54] [55] [56] [57] [58] . Cabrini et al. have characterized the first gain-of-function polymorphism identified (H155Y) [59] . Another putative gain-of-function polymorphism described recently, the Q460R substitution, appears to enhance pore activity of the P2X 7 receptor [58] . Increasing evidence from genetic association studies have demonstrated that the polymorphisms of the P2X 7 gene are implicated in various diseases such as chronic lymphocytic leukemia, tuberculosis, bipolar affective disorders, and diabetes [60] [61] [62] [63] [64] [65] [66] [67] . It has also been reported that the polymorphisms are related to clinical outcome in allogeneic stem cell transplantation and to fracture risk and the efficacy of hormone replacement therapy [28, 68] .
In this study, we have isolated full-length P2X 7 cDNA clones from multiple human donors and identified several distinct phenotypes of the receptor. A new variant with V80M and A166G substitutions, which confers a gain-offunction phenotype, is reported. Site-directed mutagenesis analyses showed that an A166G change in the first cysteine-rich domain of the P2X 7 extracellular loop is critical for the function of P2X 7 receptor. Other previously reported SNPs of the P2X 7 receptor such as H155Y, H270R, A348T, and E496A have also been identified and shown to exhibit distinct functional phenotypes. These results demonstrate that multiple-gene polymorphisms contribute to the complex biology of the human P2X 7 receptor.
Experimental procedures
Collection of human peripheral blood mononuclear cells Human peripheral blood mononuclear cells (PBMCs) were isolated from normal human peripheral blood buffy coats which were purchased from the Central Blood Bank of Pittsburgh, PA. Briefly, 10 ml of plasma-removed blood was diluted with 25 ml of DPBS without Ca 2+ and Mg 2+ . The diluted blood was overlayed on 15 ml of Percoll and centrifuged at 2,000 rpm for 30 min, room temperature with the brake off. The buffy layer was carefully collected and washed two times with DPBS without Ca 2+ and Mg 2+ at 1000 RPM at 4°C for 10 min. Finally, the cell pellet was suspended in IMDM supplemented with 10% fetal bovine serum (FBS), L-glutamine (100 mM), penicillin (100 units/ml) and streptomycin (100 µg/ml). Aliquots of the PBMCs were frozen in liquid nitrogen until ready for use.
Cloning of cDNA encoding the human P2X 7 receptor Total RNA was extracted and purified from human PBMCs and THP-1 cells using RNeasy Mini Kit and RNase-Free DNase Set, as recommended by the manufacturer (QIAGEN, Valencia, CA). MuLV Reverse Transcriptase (Applied Biosystems, Foster City, CA) was used to synthesize first-strand cDNA with oligo-dT [16] [17] [18] primer (Invitrogen, Carlsbad, CA) from 1 µg of the purified total RNA at 42°C for 60 min. A pair of the sequence-specific primers with Xho I sites were designed based on the published human P2X 7 cDNA sequence to amplify the entire coding sequence of the human P2X 7 subunit by PCR [53] . The primers were as follows: forward primer, 5AAATTTTCTCGAGGCTGTCACCAT GCCGGCCTGCT-3′, reverse primer, 5′-GGTGCTCGAGTT CAGTAAGGACTCTTGAAGCCACT-3′. AmpliTaq® DNA polymerase was used for amplification as described by the manufacturer (Applied Biosystems, Foster City, CA). The cycling reaction was modified to one cycle at 95°C for 2 min and 35 cycles at 95°C for 1 min, 61.5°C for 1 min, 72°C for 3 min, and a final extension at 72°C for 10 min. PCR products were separated in a 1% agarose gel containing 1 μg/ml ethidium bromide (Sigma, Saint Louis, MO) and purified with Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, WI). The purified PCR products were then cloned into the pGEM®-T vector (Promega, Madison, WI). The screened clones were identified by Xho I or other appropriate restriction enzymes. The resulting clones were finally sequenced and analyzed using DNAStar software.
Constructions of N-terminal duo-flag-tagged P2X 7 cDNA constructs To monitor the levels of expression of different P2X 7 variants, P2X 7 constructs fused with double-flag epitopes at their N-terminals were generated by semi-nested PCR and cloned into p2CI vector derived from PCR2.1 by insertion of a cytomegalovirus promoter, PCR-amplified IRES-neomycin-resistant sequences from the pFB-Neo-LacZ vector, and poly(A) signal sequences from pcDNA3.1 [69] . Primers with sequences of the flag epitope were designed based on the corresponding sequences from the pCMV-Tag 1 vector (Stratagene, La Jolla, CA). The Expand High-Fidelity PCR system (Roche Applied Science, Indianapolis, IN, USA) was used for all the PCR reactions. The final PCR amplicons were cloned into the p2CI vector using the appropriate restriction enzymes and the Rapid DNA Ligation Kit (Roche Applied Science, Indianapolis, IN, USA).
An overlapping PCR strategy and/or fragment swapping with appropriate restriction enzymes were used for mutageneses to create the P2X 7 variants [70] . For overlapping PCR, the two hybrid primers were designed to contain the nucleotide substitution for site-directed mutagenesis of the P2X 7 variants. The amplicons with the site-directed mutagenesis were subcloned into the corresponding regions of the P2X 7 expression constructs using the appropriate restriction enzymes and Rapid DNA Ligation Kit. Detailed plasmid maps and sequences of primers are available upon request. All of the vectors and mutants were verified by DNA sequencing.
Cell culture and transfection HEK293 cells (American Type Culture Collection number, CRL-1573) were grown at 37°C, 5% CO 2 in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin (100 units/ml) and streptomycin (100 µg/ml). HEK293 cells were plated in six-well plates and transfected with flag-tagged P2X 7 expression constructs using Lipofectamine™ LTX Reagent, as recommended by the manufacturer (Invitrogen, Carlsbad, CA). 2.5 μg of DNA, 2.5 μl of Plus™ reagent, and 6.25 μl of Lipofectamine™ LTX Reagent in 500 μl of Opti-MEM® I Reduced Serum Medium were used per well. The cells were selected with 1,000 µg/ml G418 for 3-5 weeks to make stably transfected cell lines and maintained in 500 µg/ml G418. Dye uptake Pore formation was examined in stable HEK293 cell lines after transfection with the P2X 7 cDNA variant constructs. Flow cytometry was used to determine the uptake of propidium iodide dye (PI, MW 668, absorption maximum, 535 nm and emission maximum, 617 nm) by these cells. Briefly, HEK293 cells expressing P2X 7 receptor were dislodged using trypsin-EDTA and washed with DMEM supplemented with 10% fetal bovine serum (FBS) and penicillin (100 units/ml) and streptomycin (100 µg/ml). Samples of stably transfected cells were subjected to for permeable staining and FACS analysis of expression levels of each P2X 7 construct. About 2.5×10 Western blotting Cell lysates from the stably transfected HEK293 cells were prepared with NP-40 lysis buffer (Boston BioProducts, Worcester, MA) supplemented with a protease inhibitor cocktail (Calbiochem, La Jolla, CA). Lysates (100 μg/sample) were loaded on 11% SDS-PAGE gels and separated under reducing conditions. Proteins were transferred to PVDF membrane by iBlot gel transfer system (Invitrogen, Carlsbad, CA) and probed with appropriate primary (rabbit polyclonal anti-P2X 7 or mouse anti-flag M2 monoclonal antibodies) and HRP-conjugated secondary antibodies by using the SNAP i.d. system (Millipore, Billerica, MA), as recommended by the manufacturers. The membrane was incubated with Western Blotting Luminol Reagents (Santa Cruz Biotechnology, Santa Cruz, CA) and imaged with Kodak Image Station 4000MM (Carestream Health, Inc., Rochester, NY).
Results

Cloning of the human P2X 7 cDNA variant
The human P2X 7 gene contains 13 exons that encode a 595-amino-acid protein consisting of two membranespanning domains, intracellular amino and carboxyl termini, and a large extracellular loop (Fig. 1a) [53] . An RT-PCR cloning strategy was used to identify human P2X 7 cDNA variants from human PBMCs and THP-1 cells, as described in detail in the "Experimental procedures" section. A pair of primers was designed to amplify the human P2X 7 gene including the full-length open reading frame (ORF). Many shorter transcripts were identified during the cloning of the human P2X 7 cDNAs that result from alternative splicing events, as summarized in Fig. 1b . It is unlikely that these transcript variants are artifacts resulting from the PCR cloning technique since more than two identical clones for each transcript were identified. In addition, the deleted sequences corresponded to exons and were located precisely at intron/exon boundaries.
Splice variants lacking Exon 4 (DE4) or Exon 8 (DE8) or including the intron between Exons 10 and 11 (In10) were identified (Fig. 1b) and have been described before [71] . Transcripts lacking Exon 2 (DE2) were also identified (Fig. 1a) . Some of the transcripts lacked Exon 4 in addition to other exons (data not shown). In all of these spliced transcripts, frame shifts occurred and new start and/or stop codons were created.
Twenty clones of the full-length P2X 7 cDNAs were obtained from THP-1 cells and human PBMCs from six different donors, which demonstrated different pore activities induced by ATP (data not shown). Seven singlenucleotide variations of the human P2X 7 were identified and classified into seven full-length cDNA variants based on a reference sequence of the receptor (GenBank accession number Y09561) [72] , as summarized in Table 1 and Fig. 1c . Five full-length P2X 7 cDNAs were identical to the Reference variant. The seven single-base variations were revealed in at least three independently isolated full-length P2X 7 cDNA clones, suggesting that these were not caused by errors during RT-PCR amplification. One of these alterations resulted in a synonymous amino acid substitution and six were nonsynonymous. Two nonsynonymous changes, V80M and A166G, have not been previously reported and were identified in five full-length P2X 7 cDNA clones. This novel variant with dual substitutions we term Variant A. We also isolated full-length cDNA corresponding to previously reported gain-of-function SNP (H155Y) and loss-of-function SNP (E496A) [54, 59] . Additional cDNAs encoding nonsynonymous SNPs (H270R and A348T) were also obtained (Fig. 1c) . These have been previously reported, but their effect on P2X 7 function is unclear [56] .
Expression and pore formation of the full-length P2X 7 
variants
In order to evaluate the phenotypes of the human P2X 7 variants, all of the P2X 7 cDNA clones were subcloned into the expression vector and tagged with double-flag epitopes at the N-terminals. Each of the P2X 7 cDNA expression constructs was used individually to transfect HEK293 cells and to generate stable P2X 7 -expressing HEK293 cells in the presence of G418. The expression and function of the receptor variants were measured as described in detail in the "Experimental procedures" section. Attachment of a double-flag tag at the N-terminals facilitated monitoring of P2X 7 expression quantitatively by flow cytometry using anti-flag antibodies. Flag-tagged P2X 7 receptors were expressed at wild-type levels in HEK293 cells as measured by Western blotting (data not shown) and retained the ability to mediate pore formation as shown below.
The expression levels of various P2X 7 variant proteins in the stable HEK293 cell lines were analyzed quantitatively by flow cytometry after labeling with a FITC-conjugated antiflag M2 monoclonal antibody ( Fig. 2a and b) . All of the fulllength P2X 7 variant constructs were expressed in the stably transfected HEK293 cells. Figure 2b summarizes the expression levels of the respective P2X 7 variant proteins in the HEK293 cells. In comparison with the Reference, the expression levels of the newly discovered Variant A were slightly decreased, albeit this is not statistically significant (p=0.2896 or 0.2062 by student's unpaired t test for positive cells or MFI analyses, respectively). The expression levels of Variants B, C, and E were slight increased with respect to Reference (although p>0.1 by student's unpaired t test for each variant versus Reference). However, Variants D and F showed significantly reduced expression in the stable HEK293 cell lines compared to Reference (p<0.05 by Fig. 1c and Table 1 ). Similar results were also confirmed by Western blotting analyses (Fig. 2c) . It can be concluded that all of the full-length P2X 7 constructs are expressed at similar levels in transfected 293T cell lines, except for Variants D and F with significantly reduced expression.
We next evaluated the ability of the variants to mediate pore formation in HEK293 transfectants in response to BzATP by measuring dye uptake (Fig. 3) . Variant A showed higher activity than the Reference at several concentrations of BzATP, as seen in Fig. 3b . Variant A was more sensitive to lower doses of BzATP (300 µM and 500 µM) than the Reference. However, at the highest concentration of the BzATP (1,000 µM), no differences were observed. All seven P2X 7 variants were next analyzed for responsiveness to BzATP (Fig. 3c) . Clear distinctions in responsiveness to BzATP were observed in the different P2X 7 variants (p= 0.0001 by analysis of variance for data derived from inductions of both 300 µM BzATP and 1,000 µM BzATP). Variant B and two other variants with multiple substitutions (C and E) were very similar in response to the Reference (Figs. 1c and 3c , and Table 1 ). However, Variants D and F showed little dye uptake in response to even the highest concentration of BzATP (1,000 µM). Taken together, these results clearly indicate that Variant A with two single-base alterations, 264 G → A (V80M) and 523 C → G (A166G), had increased sensitivity for pore formation induced by an agonist (BzATP) of the P2X 7 receptor. Other P2X 7 variants with substitutions at multiple positions also showed distinct pore forming properties.
Characterization of P2X 7 mutants with single nonsynonymous base substitutions
In this study, only one full-length P2X 7 cDNA variant (Variant B) with a known gain-of-function SNP (H155Y) was obtained compared to Reference (Fig. 1c) [59] . However, no significant increases of expression and pore formation of this variant were observed (Figs. 2b and 3c) . In order to characterize other single-base substitutions individually in terms of expression and function of P2X 7 , five P2X 7 mutants with one single-base mutation were constructed based on the cDNA backbone of Reference (Fig. 4a) , as described in detail in the "Experimental procedures" section. Using similar techniques as described above, the expression levels of the single-base-substituted P2X 7 mutants were also measured by flow cytometry analysis. As summarized in Fig. 4b , four of the mutated constructs were expressed in the stably transfected HEK293 cell lines at levels similar to the Reference construct. In contrast, the E496A mutant showed lower levels of expression than the Reference construct. This substitution was present in Variants D and F, which as noted previously are expressed at reduced levels (Fig. 2c) .
Transfectants expressing these point mutants were tested for their ability to form pores. As shown in Fig. 4c , a single-base mutation at position 523 nt (A166G) of Reference cDNA caused a nearly threefold increase in PI dye uptake induced by 300 µM BzATP compared to the Reference, but displayed little difference in response to 1,000 µM BzATP. In contrast, nearly complete loss of the dye uptake was found in the mutant with a single-base mutation at position 1513 nt (E496A), consistent with a previous study [54] . Lack of dye uptake was also seen with Variants D and F that contain this E496A base mutation, as summarized in Fig. 3c . No significant alterations in dye uptake were observed for the V80M and H270R mutants compared to the Reference (Fig. 4c) . The A348T mutation induced a slight increase in response at the lower concentration of BzATP. In summary, these data clearly demonstrate that the A166G substitution confers a significant gain of function in the human P2X 7 receptor, which is critical for the increased pore formation phenotype of Variant A (Figs. 1c and 3) . Combinatorial effect of multiple nucleotide substitutions in human P2X 7 receptor
In order to further explore combinatorial effects of multiple nucleotide substitutions on human P2X 7 function, selected multiple nucleotide mutants among the P2X 7 cDNA variants found in this study were constructed (Fig. 5a) . The constructs were then assayed for their expression levels ( Fig. 5b ) and pore formation function (Fig. 5c ) in stably transfected HEK293 cells. Construct AB containing the new-found variations (V80M and A166G) and a known gain-of-function SNP (H155Y) showed a synergistic effect on pore formation induced by both 300 µM and 1,000 µM BzATP, with similar expression levels compared to Reference and Variant A. Construct AB* containing the H155Y and A166G variations showed the highest levels of expression and the highest levels of pore formation induced under both 300 µM and 1,000 µM BzATP compared to Reference and Variant A (Fig. 4b and c, also refer to Figs. 2 and 3). A synergistic effect was also observed in the construct AE with the V80M, A166G, and A348T variations relative to the individual substitutions (Table 1) . In contrast, construct AD with V80M, A166G and E496A substitutions showed low expression and low pore formation consistent with the dominant negative effect of the E496A substitution ( Fig. 4b and c ). Construct DR with C-terminus of the cysteine-rich domain 1 (CRD 1) of P2X 7 critical for regulation of pore formation Position 166aa is located in the C-terminal portion (around exon 5) of the cysteine-rich domain 1 (CRD1) of human P2X 7 . Both gain-of-function and loss-of-function mutations have been reported previously in this region [58, 59] in addition to the A166G reported in this study. The region is located between the last two cysteine residues of CRD1. The residues among different species of P2X 7 and those among all of human P2X receptors are relatively conserved in length (Fig. 6a) . We next analyzed this region in finer detail by mutating residues within the C-terminal CRD1. Both the human P2X 7 Reference and a mouse P2X 7 clone derived from C57BL6 were analyzed. As summarized in Fig. 6b and c, mouse P2X 7 with an A166G substitution exhibited significantly higher PI uptake than wild type after 300 µM and 1,000 µM BzATP exposure. Furthermore, additional substitutions at aa positions 164 to 167 were tested as summarized in Fig. 6d and e. Decreased expression was observed following substitution at positions 164 and 167 (I164/F165, I164/K165, G164, and G167). However, significant changes in PI uptake were only observed in constructs with mutations in position 166 like constructs F165/T166, IFG164-6, and T166 compared to the Reference (Fig. 6e) . The loss of function resulting from the constructs with G164 and G167 mutations demonstrated that the gain-of-function G166 mutation is position specific. Gain of function was also seen following certain substitutions. Construct IFG164-6 had significantly increased PI uptake induced by 300 µM and 1,000 µM BzATP while construct IQG164-6 had little effect on PI uptake compared to that of Reference (Fig. 6e) . Thus, these results support a critical role for the C-terminus of CRD1 in regulating the expression and function of P2X 7 .
Discussion
In the current study, we have used RT-PCR, cloning and a point mutation strategy to identify and isolate human P2X 7 cDNA variants from human PBMCs and THP-1 cells.
There are two main findings in the study. First, we have identified a novel gain-of-function single-base substitution (A166G) of the human P2X 7 gene. Second, we show that the CRD1 domain, where this substitution is localized, is important for the function of human and mouse P2X 7 .
We identified a novel gain-of-function variant with two nonsynonymous base substitutions, V80M and A166G, in a full-length P2X 7 cDNA clone (Variant A). A total of five clones of Variant A were isolated from human PBMC samples, obtained from healthy individual donors making it unlikely that the variant is an artifact resulting from misincorporation errors during RT-PCR. Thus, these mutations might represent new allelic polymorphisms, although this has not been confirmed at the genomic level. Point mutational analyses further demonstrated that the A166G substitution is critical for the gain-of-function of the P2X 7 variant (Fig. 3c  and d) .
Other full-length P2X 7 cDNA variants with one or multiple well-known SNPs were also identified in our study. Results from the different phenotypes of P2X 7 demonstrated that multiple SNPs affect the function of P2X 7 . One gain-of-function substitution H155Y, reported by Cabrini et al. [59] , was also found in four cDNA variants (Variants B, C, D, and F). Our results showed that this SNP could increase pore formation induced by BzATP, especially when combined with the mutation A166 G (see Variant B in Fig. 3c and Constructs AB and AB* in Fig. 5c ). However, pore formation was also affected by other SNPs. For example, loss of function was found in some of the variants (Variant D and F). The previously reported dominant negative effect of E496A is also confirmed in our study [54, 59] . Synergistic effects of multiple substitutions were also observed in the multiple substitution variants between Variant A and B (AB and AB*) and between Variant A and E (AE) (Fig. 5a and c) . These indicated that phenotype polymorphisms are dependent on multiple SNPs of P2X 7 . Moreover, significant synergism was observed in the chimeric variant (AE). These results indicated that A348T is a weak gain-of-function SNP, consistent with those reported by Denlinger et al. [58] .
There is increasing evidence that the interactions between the extracellular, intracellular, and membranespanning domains influence and regulate P2X 7 receptor function. This is especially true for some portions of the extracellular region and the C-terminal intracellular domain. More than ten nonsynonymous SNPs have been identified in the extracellular loop, consisting of 280aa, and the Cterminal intracellular domain. In the extracellular loop of human P2X 7 , one loss-of-function (G150R) and two gain- The positions of the new gain-of-function mutation (A166G) is marked with arrows. GenBank accession numbers: human P2X 7 (hP2X 7 , Reference), Y09561, rat P2X 7 (rP2X 7 ), X95882, mouse P2X 7 (mP2X 7 ), AJ009823, cattle P2X 7 (bP2X 7 ), XM_591410, domestic guinea pig P2X 7 (gP2X 7 ), EU275201, red jungle fowl P2X 7 (fP2X 7 ), XM_001235162, zebrafish P2X 7 (zP2X 7 ), AY292647, Human P2X 1 (hP2X 1 ), AAC24494, hP2X 2 , Q9UBL9, hP2X 3 , P56373, hP2X 4 , Q99571, hP2X 5 , Q93086, and hP2X 6 , NP_005437. b Expression in stably transfected HEK293 cells of mouse P2X 7 construct with an A166G mutation as measured by FACS analysis following permeable staining with FITC-conjugated anti-flag M2 monoclonal antibody or surface staining with anti-mouse P2X 7 monoclonal antibody and Cy5-conjugated secondary antibody. c PI uptake by HEK293 cells stably transfected with mouse P2X 7 construct with an A166G mutation induced by 300 µM or 1,000 µM BzATP. d Comparison of the protein expression in stably transfected HEK293 cells for each of the human P2X 7 constructs with mutations at the C-terminal end of CRD I as measured by FACS analysis following permeable staining with FITCconjugated anti-flag M2 monoclonal antibody. e PI uptake by HEK293 cells stably transfected with each of the human P2X 7 constructs with mutations at the C-terminus of CRD I induced by 300 µM or 1,000 µM BzATP. Net dye uptake indicates the percentage dye uptake induced by BzATP with control (no BzATP treatment) subtracted. The data shown are representative of more than three independent experiments and two-tailed Student's t tests (unpaired) compared to Reference (R) yielded significance levels of <0.05(*), <0.01(**), or <0.001 (***) as shown in b-e of-function (H155Y and A166G) variations are located in the first cysteine-rich domain and only one loss-of-function SNP (R307Q) is at the C-terminus between the second cysteine-rich domain and second membrane-spanning domain (this study and references [57] [58] [59] ). The large extracellular loop is believed to be responsible for ligandbinding and is quite conserved among the P2X receptors, although the fine structure of the ligand-binding pocket is still uncertain. Conserved positively charged amino acid residues are important for nucleotide binding (K64, K66, R294, R307, and K311) [5, 57, [73] [74] [75] . Aromatic amino acids are associated with recognition of adenine nucleotides in many ATP-binding proteins and are proposed to bind the adenine ring [5, 75] . In addition, certain histidine residues within the protein can regulate P2X function [2, 5] . It has been reported that glycine residues enhance flexibility in the extracellular loop, raising the possibility that they are involved in conformational changes in P2X receptors upon agonist binding [2, [76] [77] [78] . Swapping fragments and point mutations in the extracellular loop between rat and mouse P2X 7 receptors also demonstrated that amino acid residues in the ectodomain of the P2X 7 receptor are involved in the differential sensitivity to agonists between species [79] . Our results point to the C-terminal of the first cysteine-rich domain (CRD1) as critical for regulation of P2X 7 expression and pore formation.
The unique long C-terminal intracellular domain of P2X 7 is crucial for P2X 7 -induced pore formation, transduction, and signaling [1, 72, 80] . Three loss-of function SNPs (T357S, E496A, and I568N) and one gain-of-function SNP (Q460R) are located in the long intracellular domain [54] [55] [56] 58] . These loss-of-function polymorphisms lead not only to reduced P2X 7 pore function but also to impaired ATP-induced mycobacterial killing by macrophages [56, 60, 61, 81, 82] . Recent studies have found that the E496A polymorphism does not affect the electrophysiological phenotype of the P2X 7 channel in transfected oocytes and HEK293 cells [83] . The E496A functional pore defect significantly impairs the surface expression, but this can be overcome partially when the density of these receptors on the cell surface is massively increased following differentiation of monocytes to macrophages [54] . Our results show that E496A substitution reduces the expression of the P2X 7 variants with this mutation in the stably transfected HEK293 cells (Figs. 2b, 4b , and 5b), also observed in transient transfection experiments (data not shown).
Of note, the SNP (A348T) located in the second membrane-spanning domain also affected the pore formation function of P2X 7 in our study. The second membranespanning domain of the P2X receptor lines the central ion-conduction pore and the gate is positioned deep in the membrane-spanning domain segment, corresponding to the region flanking the SNP [84, 85] . Mutations in the region also alter the permeability of P2X receptor channels for divalent ions [86] . The second membrane-spanning domain is also involved in protein folding and assembly of P2X subunits [87, 88] .
In our study, we also identified many P2X 7 cDNA variants resulting from alternative splicing (Fig. 1b) . Alternative splicing of P2X 7 has been reported by others [71, [89] [90] [91] and has also been reported for other P2X channel family members [92] [93] [94] [95] [96] . Although the role of alternative splicing of the P2X receptor is still unclear, studies have demonstrated that some mis-spliced variants are synthesized as truncated proteins that can interact with full-length receptors to regulate their function [71, 90, 91] . Unlike the other P2X receptors (P2X [1] [2] [3] [4] [5] [6] ), P2X 7 is usually considered to form fully functional homotrimers, although evidence for functional P2X 4 /P2X 7 heteromeric receptors has also been reported [97] . Interaction of truncated P2X 7 proteins with full-length P2X 7 through hetero-oligomerization may represent a general paradigm for regulation of protein function by a variant protein encoded by the same gene. The mechanism of the alternative splicing in regulation of P2X 7 function remains to be elucidated further, but could potentially be important for regulating receptor function.
